Introduction
============

Myelomeningocele (MMC) is a herniation of the neural elements through a posterior spinal and skin defect, and it results from failure of the neural tube to close during the early period of embryonic development ([@b1-etm-0-0-4978]). Live born infants with myelomeningocele have a mortality rate of \~10% ([@b2-etm-0-0-4978]). Despite undergoing surgery after birth, long-term survivors have major disabilities, including paralysis and bladder dysfunction, because damage to the spinal cord and peripheral nerves that exists prenatally is usually irreversible after birth ([@b1-etm-0-0-4978],[@b2-etm-0-0-4978]). Neurogenic bladder with symptoms including incontinence and dysuria caused by central nervous system (CNS) injury is one of the most severe problems affecting patient renal function and quality of life ([@b3-etm-0-0-4978]). Myelomeningocele (MMC) is one of the most common causes of neurogenic bladder, accounting for the majority of congenital CNS malformations in children ([@b4-etm-0-0-4978]). CNS developmental defects, as well as mechanical and amniotic fluid chemistry injury to the spinal cord, simultaneously participate in the origin and progression of MMC during fetal development ([@b5-etm-0-0-4978]).

Significant advances have been achieved in the *in utero* MMC repair procedure, which has been demonstrated to be beneficial to CNS development, leading to improved lower limb function and a favorable prognosis ([@b6-etm-0-0-4978]--[@b9-etm-0-0-4978]). However, the improvement of bladder function following MMC repair remains limited and unclear, according to the results of several studies ([@b10-etm-0-0-4978]--[@b12-etm-0-0-4978]). Thus, it is clinically important to elucidate the mechanism of MMC-associated bladder development, which is likely to aid intrauterine repair and improve its results.

The aim of the present study was to establish an early timepoint for prenatal *in utero* intervention and MMC repair using a rat model, and to investigate the alterations in bladder development subsequent to the intervention. The expression levels of various bladder neuromuscular development markers, namely nerve growth factor (NGF), α-smooth muscle actin (α-SMA), β-III-tubulin, and acetylcholinesterase (AChE), were determined at different timepoints in fetal development, including at embryonic day 17 (E17), E19 and E21, in MMC, MMC-repaired and control rats.

Materials and methods
=====================

### MMC animal model

A total of 133 female Sprague-Dawley rats (weight, 220--280 g; age, 12--18-weeks-old; Shanghai Laboratory Animal Center, Shanghai, China) that were pregnant for the first time were used in the current study. Animals were housed one per cage at 24°C with a natural dark/light cycle with food and water provided *ad libitum*.

Rats were divided into the MMC model, MMC repair and control groups. The control and MMC groups had 8 rats each, while 115 rats were prepared for the MMC repair group. The MMC fetal rat model was established by intragastric administration pregnant rats with all-trans retinoic acid (ATRA; Sigma Aldrich; Merck, Shanghai, China) dissolved in 2.0 ml olive oil at a dose of 60 mg/kg body weight at stage E9.5 ([@b13-etm-0-0-4978]--[@b15-etm-0-0-4978]). Control rats were treated with 2.0 ml olive oil by intragastric administration at E9.5. All experimental protocols were approved by the Institutional Review Board of the Children\'s Hospital of Fudan University (Shanghai, China).

### In utero repair of MMC

For *in utero* repair in rat fetuses with MMC induced by ATRA, open fetal surgery was performed on 115 fetuses from 115 pregnant rats at E17 in order to repair the defect, and then evaluate the nerve and muscle development of the embryonic bladder tissue. A chitosan-gelatin film patch (Shanghai Key Laboratory of Tissue Engineering, Shanghai, China), an easily obtainable synthetic material, was used in the repair procedure.

Chitosan-gelatin film has been demonstrated to be one of the most widely used materials for tissue repair and drug delivery ([@b16-etm-0-0-4978]). The chitosan-gelatin patch was prepared in advance by drying a solution of 2.0% (w/v) chitosan (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and 4.0% (w/v) gelatin mixed at a ratio of 3:7. For MMC repair, the pregnant rat was anesthetized with 250 mg/kg chloral hydrate (Sinopharm Chemical Reagent Co., Ltd.) by intraperitoneal injection, and the abdomen was opened to expose the MMC fetuses. The uterine wall was sutured with a 7--0 polypropylene polydioxanone-II (Ethicon, Shanghai, China) purse-string suture. Only one fetus in each pregnant female was selected for *in utero* MMC repair. In the purse-string suture area, a hysterotomy was performed to expose the back of one MMC fetus, and the chitosan-gelatin patch spotted with a Dermabond cyanoacrylate adhesive (Ethicon) was placed over the MMC area. The hysterotomy was then closed with the purse-string suture. The maternal rat used in the procedure was kept separately subsequent to recovering from the anesthesia. The steps involved in the surgical procedure are briefly shown in [Fig. 1](#f1-etm-0-0-4978){ref-type="fig"}.

### Tissue collection

Following surgery and at E19 and E21, the fetuses were removed by cesarean section. The pregnant rats were anesthetized using 250 mg/kg chloral hydrate by intraperitoneal injection, and then euthanized by cervical dislocation subsequent to fetal harvest. The linkage between the chitosan-gelatin patch and the skin tissue of the repaired fetuses was confirmed and any changes to the area after the repair were observed. Subsequently, the fetuses were divided into the MMC and the MMC repair group, while the control rat fetuses were harvested from the control group. At E19 and E21, 4 fetuses from the MMC repair group were prepared for frozen sectioning. The bladder tissues were carefully collected from the remaining fetuses from animals from each group under a dissecting microscope for use in the molecular detection of biomarkers.

### Hematoxylin and eosin stain

Hematoxylin and eosin staining was performed to confirm the patch was attached to the skin tissue. The lower part of the fetal body was embedded in optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA) and chilled at −24°C for 5 min. The MMC repair location was cut into 5.0-µm frozen sections, prepared into slides, and then stained with hematoxylin and eosin for observation.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

The target gene mRNA expression levels in the bladder was measured by RT-qPCR. Initially, total RNA was extracted from bladder tissue samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and then used in cDNA synthesis using a random primer according to the instructions provided with the Transcriptor First Strand cDNA kit (Roche Diagnostics, Shanghai, China). Next, qPCR was performed using a SYBR-Green qPCR kit (Takara Bio, Inc., Shiga, Japan) on an ABI 7000 device (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions in order to evaluate the expression levels of target genes. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal reference. The sequences of the PCR primers were as follows: NGF forward, 5′-CGCTCTCCTTCACAGAGTTTTG-3′, and reverse, 5′-GGCCAGGATAGAAAGCTGCG-3′; α-SMA forward, 5′-CATCACCAACTGGGACGACA-3′, and reverse, 5′-TCCGTTAGCAAGGTCGGATG-3′; β-III-tubulin forward, 5′-TGAGGCCTCCTCTCACAAGT-3′, and reverse, 5′-TGTATAGTGCCCTTTGGCCC-3′; AChE forward, 5′-CCCTGTACCCTGGGTTTGAG-3′, and reverse, 5′-CCAGATGAGGACAGGTGTGG-3′; GAPDH forward, 5′-CAGGGCTGCCTTCTCTTGTG-3′, and reverse, 5′-AACTTGCCGTGGGTAGAGTC-3′. All qPCR reactions were performed in triplicate. The difference in threshold cycle (ΔCq) value for gene-specific mRNA expression was calculated relative to the Cq value of GAPDH. Relative mRNA expression was calculated using the following formula: 2^−ΔΔCq^ ([@b17-etm-0-0-4978]).

### Western blot analysis

Total protein was extracted from the bladder tissue using radioimmunoprecipitation assay (Beyotime Institute of Biotechnology, Shanghai, China), and protein concentrations were tested using a BCA kit (Beyotime Institute of Biotechnology). Next, 35 µg of each total protein sample was run on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred to a nitrocellulose membrane for immunoreaction analysis. After washing the membrane twice with TBST, the blotted membrane was blocked in freshly prepared TBS containing nonfat dry milk (3--5%) for 30--60 min at room temperature with constant agitation. After washing again, antibodies against β-III-tubulin (dilution, 1:1,000; ab78078; Abcam, Cambridge, UK), α-SMA (dilution, 1:200; ab5694; Abcam) and GAPDH (dilution, 1:2,000; HRP-60004; Mai Bio Co., Ltd., Shanghai, China), which served as the control, were used following the manufacturer\'s instructions. The primary antibodies were incubated overnight at 4°C. Secondary antibodies (HRP-linked goat anti-mouse and rabbit polyclonal antibody; dilution, 1:2,000; HSA0002; Mai Bio Co., Ltd.) were added and incubated for 2 h at room temperature following membrane washing. Relative protein amounts compared with those of GAPDH were calculated based on the band gray values obtained with the ImageQuant LAS 4000 series device (GE Healthcare Life Sciences, Marlborough, MA, USA) following reaction with an enhanced chemiluminescence solution (Beyotime Institute of Biotechnology).

### Statistical analyses

Data on the relative mRNA and protein amounts in each group are expressed as the means ± standard deviation. Statistical analyses using least significant difference t-tests were conducted with SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered as an indicator of a statistically significant difference.

Results
=======

### Prenatal repair at E17

A total of 115 fetal surgeries were performed on 115 pregnant rats in the current study, and 33 (28.7%) live births through caesarean section were achieved at stages E19 or E21. The main causes of repair failure were fetuses slipping out of the uterus during surgery or fetal death following intervention. The fetuses with successful MMC repair harvested at E19 and E21 were compared with the normal and MMC fetuses ([Fig. 2](#f2-etm-0-0-4978){ref-type="fig"}). Frozen specimens with hematoxylin and eosin staining at stage E21 indicated that the chitosan-gelatin film covered the defect, and the patch had good attachment with the margin of fetal skin ([Fig. 2](#f2-etm-0-0-4978){ref-type="fig"}).

### High expression of NGF mRNA in MMC bladder is altered following repair

NGF mRNA expression in the MMC group was significantly higher compared with that in the control group at E21 (P\<0.001). NGF mRNA expression decreased in the repair group compared with that of the MMC group (P\<0.001), although it remained significantly higher in comparison with that of the control group (P\<0.001; [Fig. 3](#f3-etm-0-0-4978){ref-type="fig"}). In addition, immunoblotting was performed to assess NGF protein expression in the fetal bladder; however, the protein level was undetectable using western blotting in all groups.

### Fetal repair affects SMA expression in the fetal bladder

As shown in [Fig. 4A](#f4-etm-0-0-4978){ref-type="fig"}, there was no significant difference in the expression of α-SMA mRNA between the MMC and control groups at E17 and E19. However, the expression was significantly higher in the MMC repair group as compared with the control and MMC groups at E19 (P\<0.001 and P\<0.01, respectively). At E21, the expression of α-SMA mRNA in the MMC group was significantly higher in comparison with that in the control group (P\<0.001), but significantly decreased following repair (P\<0.001), with no significant difference from the control group level ([Fig. 4A](#f4-etm-0-0-4978){ref-type="fig"}). Furthermore, α-SMA protein expression in the MMC group rats was significantly lower compared with the control group at E19 (P\<0.05; [Fig. 4B](#f4-etm-0-0-4978){ref-type="fig"}), but there was no significant difference in α-SMA protein expression between the repair group and the MMC group at E19 and E21 ([Fig. 4B](#f4-etm-0-0-4978){ref-type="fig"}).

### Fetal repair inhibits the decrease of β-III-tubulin expression in the MMC bladder

At E19, β-III-tubulin mRNA levels significantly increased in the MMC group as compared with the control group (P\<0.001; [Fig. 5A](#f5-etm-0-0-4978){ref-type="fig"}), although there was no significant difference in protein expression ([Fig. 5B](#f5-etm-0-0-4978){ref-type="fig"}). However, β-III-tubulin mRNA expression significantly increased (P\<0.05), while the protein expression significantly decreased (P\<0.001) in the MMC group compared with the control group at E21. Following the repair, the β-III-tubulin mRNA expression levels at E19 remained significantly higher in comparison with those of the control and MMC groups (P\<0.001; [Fig. 5A](#f5-etm-0-0-4978){ref-type="fig"}). At E21, no significant difference in β-III-tubulin mRNA expression was observed between the repair and MMC groups ([Fig. 5A](#f5-etm-0-0-4978){ref-type="fig"}). The β-III-tubulin protein expression in the repair group was significantly increased compared with the MMC group at E21 (P\<0.05; [Fig. 5B](#f5-etm-0-0-4978){ref-type="fig"}), but no significant difference was observed compared with the control group ([Fig. 5B](#f5-etm-0-0-4978){ref-type="fig"}).

### Fetal repair does not affect the high expression of AChE mRNA in the MMC bladder

AChE mRNA was highly expressed in the MMC group compared with that of the control group at E19 and E21 (P\<0.01 and P\<0.001, respectively); by contrast, there was no significant difference in AChE mRNA expression between the repair and MMC groups at E19 and E21 ([Fig. 6](#f6-etm-0-0-4978){ref-type="fig"}). However, the present study was unable to test the AChE protein for an exact comparison using western blot analysis in fetal bladder tissues due to the low expression of this protein.

Discussion
==========

Spina bifida is one of the most common congenital anomalies of the central nervous system, and MMC is the most common form of spina bifida ([@b1-etm-0-0-4978],[@b2-etm-0-0-4978]). Since the implementation of folate supplementation and improved prenatal screening, the incidence of MMC has been decreasing in recent decades ([@b18-etm-0-0-4978],[@b19-etm-0-0-4978]). An incidence of 7.2--8.6 cases per 100,000 was reported in the newborn population with in-hospital births in the USA during the first decade of this century ([@b20-etm-0-0-4978],[@b21-etm-0-0-4978]). There is evidence of ongoing damage to the exposed neural tissue following the initial failure of neural tube closure, and it is considered to be a 'second hit' damage caused by trauma and/or chemical agents in the amniotic fluid ([@b5-etm-0-0-4978],[@b22-etm-0-0-4978]). It has been demonstrated that prenatal MMC repair improves clinical outcomes ([@b23-etm-0-0-4978]). The ATRA-induced fetal rat MMC model is widely used in the investigation of *in utero* MCC repair and this surgery can be performed as early in fetal development as E18, according to the literature ([@b24-etm-0-0-4978]). However, based on our experience, open fetal rat surgery can be performed as early as stage E17, although it should not be performed earlier due to the skin of fetal rats not being sufficiently solid for safe open surgical interventions prior to E17. Unlike the high successful rate in human MMC fetal surgery ([@b5-etm-0-0-4978]), the percentage of failure in rat E17 *in utero* intervention, which had not been reported in literature yet, is high. This is because the fetal rat at E17 is very small, and the operation is difficult to perform even after microsurgery training.

Nowadays, open fetal surgery of human MMC is performed after 20 weeks\' gestation, at which point some spinal damage has already occurred ([@b25-etm-0-0-4978]). The current *in utero* intervention was performed only 1 day earlier than previous studies, which could have meaningful consequences. The earlier intervention prolonged the observation period after surgery and it simulated early fetal surgery. In the present study, at the stage of E17, the expression of the molecules of bladder neuromuscular development such as NGF, α-SMA, β-III-tubulin and AChE were not observed to be different between the MMC and control groups; therefore, it was speculated that fetal MMC repair at E17 is an early stage, and that may affect neuromuscular development in the early developmental period. The early *in utero* MMC repair performed in the current study enabled a prolonged post-surgery observational period. The MMC fetus will not survive subsequent to delivery, as observed in the present study and reported by Danzer ([@b26-etm-0-0-4978]) due to feeding difficulty and maternal rat cannibalization; therefore, the prolonged observation period provides more opportunities to investigate alterations in the target organs following *in utero* repair.

The Management of Myelomeningocele Study (MOMS) trial and post-MOMS practices demonstrated that prenatal repair of MMC was useful in improving motor outcomes and reducing the need for hydrocephalus shunting ([@b7-etm-0-0-4978],[@b27-etm-0-0-4978]). However, the effect of fetal MMC repair on bladder function remains controversial. Lee *et al* ([@b12-etm-0-0-4978]) reported that *in utero* closure of MMC in 11 children with a spinal defect did not significantly improve the lower urinary tract function when compared with 22 children who received repair surgery following birth. These results were not in agreement with the study by Carr ([@b28-etm-0-0-4978]), whose 5-year follow up study demonstrated that *in utero* MMC repair provided the patients with a higher percentage of continence in toilet training compared with those who received postnatal repair. However, prenatal surgery did not significantly reduce the requirement for clean intermittent bladder catheterization at 30 months of age ([@b29-etm-0-0-4978]). Therefore, the mechanism of bladder development following prenatal repair remains unclear.

In the present study, low expression levels of β-III-tubulin and α-SMA protein were detected subsequent to prenatal MMC repair using a rat model, which suggested damage to the smooth muscle and nerves of the bladder in the MMC fetal rats. This observation was in accordance with the results of Danzer *et al* ([@b14-etm-0-0-4978],[@b30-etm-0-0-4978]) and Shen *et al* ([@b15-etm-0-0-4978]). In addition, high expression of AChE in the MMC fetal rats indicated developmental abnormalities of the cholinergic nerve or neuromuscular junction; however, *in utero* repair did not induce a significant decrease in AChE mRNA expression. These results suggested that *in utero* MMC repair at E17 improved the peripheral nervous system development and reduced neurological damage in the fetal rat bladder to a certain extent, although development of the smooth muscle and cholinergic nerve remained poor.

Expression of urinary NGF originates from the bladder tissues, including the urothelium and smooth muscles ([@b31-etm-0-0-4978]), and is a biomarker of neurological injury and recovery, with significantly elevated levels observed in children with MMC ([@b32-etm-0-0-4978],[@b33-etm-0-0-4978]). Elevated expression of NGF mRNA in the bladder tissues results from the damage to the bladder urothelium and detrusor. In the present study, NGF mRNA expression in the bladder decreased following fetal MMC repair, which suggests that this early intervention ameliorated damage to the bladder.

In conclusion, open-surgery prenatal repair was conducted in the present study using a rat MMC model at the earliest possible gestational age, which is earlier than previous repair time points reported literature. The results revealed several molecular changes associated with bladder neuromuscular development. The prenatal repair resulted in inhibition of the elevated expression levels of bladder NGF mRNA and β-III-tubulin, which are biomarkers of neurological injury and peripheral nervous system development, respectively. By contrast, the expression levels of α-SMA and AChE were not significantly altered by the prenatal repair. These results indicated abnormal neuromuscular development in the MMC bladder and certain degree of improvement subsequent to fetal repair. However, it is suggested that these results from animal studies are extrapolated cautiously to neurogenic bladder development in the human fetuses. Notably, *in utero* MMC intervention remains a challenging procedure in clinical practice, and further exploration using animal models and clinical trials is urgently required.
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![*In utero* MMC repair performed in rat fetuses in the present study. The brief steps of the procedure are shown: (A) Purse-string suture of uterine wall was established; (B) MMC defect was exposed; (C) the gelatin-chitosan membrane was inserted at the appropriate area of the MMC defect; and (D) the hysterotomy was closed using a purse-string suture. MMC, myelomeningocele.](etm-14-04-3681-g00){#f1-etm-0-0-4978}

![MMC fetuses at different gestational time points. MMC fetus is shown at (A) E17 and (B) at magnification of ×10 at the same time point. (C) MMC fetus at E19. (D) E17 repaired MMC fetus at E19; (E) MMC fetus at E21. (F) E17 repaired MMC fetus at E21. (G) Hematoxylin and eosin staining of tissue from the operated area following repair at E21 (magnification, ×50), showing the patch (black arrow) and the defect. (H) Good adhesion (open arrow) is observed between the chitosan-gelatin film and fetal skin at E21 (magnification, ×400). MMC, myelomeningocele; E, embryonic day.](etm-14-04-3681-g01){#f2-etm-0-0-4978}

![Expression levels of bladder NGF mRNA were analyzed using reverse transcription-quantitative polymerase chain reaction. All data are expressed as the mean ± standard deviation (n=4 per group). \*P\<0.001 vs. control group; ^\#^P\<0.001 vs. the MMC group. MMC, myelomeningocele; NGF, nerve growth factor; E, embryonic day.](etm-14-04-3681-g02){#f3-etm-0-0-4978}

![Expression levels of bladder α-SMA mRNA and protein. (A) α-SMA mRNA levels were analyzed by reverse transcription-quantitative polymerase reaction. (B) α-SMA protein levels were evaluated by western blot analysis. All data are expressed as the mean ± standard deviation (n=4 per group). \*P\<0.001, \*\*P\<0.01 and \*\*\*P\<0.05 vs. control group; ^\#^P\<0.001, ^\#\#^P\<0.01 vs. MMC group. MMC, myelomeningocele; α-SMA, α-smooth muscle actin; E, embryonic day.](etm-14-04-3681-g03){#f4-etm-0-0-4978}

![Expression levels of bladder β-III-tubulin mRNA and protein. (A) β-III-tubulin mRNA expression was evaluated using reverse transcription-quantitative polymerase chain reaction. (B) β-III-tubulin protein expression was evaluated by western blot analysis. All data are expressed as the mean ± standard deviation (n=4 per group). \*P\<0.001, \*\*\*P\<0.05 vs. control group; ^\#^P\<0.001, ^\#\#\#^P\<0.05 vs. MMC group. MMC, myelomeningocele; E, embryonic day.](etm-14-04-3681-g04){#f5-etm-0-0-4978}

![Expression levels of bladder AChE mRNA were analyzed using reverse transcription-quantitative polymerase chain reaction. All data are expressed as the mean ± standard deviation (n=4 per group). \*P\<0.001, \*\*P\<0.01 vs. the control group. MMC, myelomeningocele; AChE, acetylcholinesterase; E, embryonic day.](etm-14-04-3681-g05){#f6-etm-0-0-4978}
